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Kolka,  Margaret  A.,  Lou  A.  Stephenson,  Paul  B. 
Rock,  and  Richard  R.  Gonzalez.  Local  sweating  and  cuta¬ 
neous  blood  flow  during  exercise  in  hypobaric  environments.  J. 
Appl.  PEysiol.  62(6):  2224-2229,  1987.— The  effect  of  acute 
hypobaric  hypoxia  on  local  sweating  and  cutaneous  blood  flow 
was  studied  in  four  men  and  four  women  (follicular  phase  of 
menstrual  cycle),  who  exercised  at  60%  of  their  altitude-specific 
peak  aerobic  power  for  35  min  at  barometric  pressures  (Pb)  of 
770  Torr  (sea  level),  552  Tore  (2,596  m),  and  428  Tore  (4,575 
m)  at  an  ambient  temperature  of  30*0.  We  measured  esopha¬ 
geal  temperature  (T„),  mean  skin  temperature  (T*,  8  sites), 
and  local  sweating  (m.)  from  dew-point  sensors  attached  to  the 
skin  at  the  chest,  arm,  and  thigh.  Skin  blood  flow  (SkBF)  of 
the  forearm  was  measured  once  each  minute  by  venous  occlu¬ 
sion  plethysmography.  There  were  no  gender  differences  in  the 
sensitivity  (slope)  or  the  threshold  of  either  mJTm  or  SkBF/ 
T„  at  any  altitude.  No  change  in  the  T„  for  sweating  onset 
occurred  with  altitude.  The  mean  slopes  of  the  mJTm  relation¬ 
ships  for  the  three  regional  sites  decreased  with  increasing 
altitude,  although  these  differences  were  not  significant  be¬ 
tween  the  two  lower  Pbs.  The  slope  of  SkBF/T.  was  reduced 
in  five  of  the  eight  subjects  at  428  Tore.  Enhanced  body  cooling 
as  a  response  to  the  higher  evaporative  capacity  of  the  environ¬ 
ment  is  suggested  as  a  component  of  these  peripheral  changes 
occurring  in  hypobaric  hypoxia.  -^f"-  ^  - 

altitude;  dew  point;  esophageal  temperature;  gender;  local 
sweating;  skin  blood  flow 


in  hypobaric  environments,  the  maximal  evaporative 

capacity  (E _ )  is  enhanced  due  to  an  increase  in  the 

effective  mass  transfer  coefficient  for  any  given  air  move¬ 
ment  (3,  21).  In  theory,  at  a  given  relative  exercise 
intensity,  the  relative  evaporation  of  a  given  volume  of 
sweat  is  greater  at  a  lower  barometric  pressure.  Because 
evaporation  is  greater,  there  is  a  lower  skin  wettedness 
[ratio  of  evaporation  from  the  skin  (E*)  to  Emu]  at  a 
lower  barometric  pressure  (Pb).  However,  at  higher  al¬ 
titudes,  the  increased  insensible  heat  loss  (evaporation) 
leads  to  a  lower  core  and  skin  temperature.  This  effect 
results  in  depressed  thermoregulatory  sweating  at  alti¬ 
tude.  Additionally,  the  lower  core  and  skin  temperatures 
may  attenuate  blood  flow  to  the  skin. 

In  lowlanders  unacclimated  to  altitude,  chronic  alti¬ 
tude  exposure  (3  wk)  to  474  Torr  resulted  in  a  higher 
rectal  temperature  threshold  for  the  onset  of  regulatory 
sweating  with  no  change  in  the  sweating  sensitivity  (i.e., 
mg  •  cm'3  •  min'1  per  core  temperature  change)  (22).  How¬ 
ever,  this  delayed  onset  of  sweating  may  have  resulted 
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from  chronic  altitude-induced  dehydration  (13).  During 
simulated  altitude  exposure  (596  and  462  Torr),  higher 
whole-body  evaporative  heat  loss  (£u*)  was  observed  in 
subjects  exercising  at  the  same  absolute  exercise  inten¬ 
sity  as  sea  level  (11).  The  increase  in  Eu*  observed  was 
entirely  from  an  increase  in  respiratory  water  loss.  E& 
was  unchanged  by  altitude.  That  design  required  individ¬ 
uals  to  work  at  a  higher  percentage  of  their  peak  O2 
requirements  at  the  depressed  Pb;  however,  no  change 
in  E, k  was  apparent  at  either  altitude  (11). 

The  hypoxia  that  occurs  in  hypobaric  environments  is 
also  a  factor  in  control  of  thermoregulatory  sweating  and 
skin  blood  flow  (SkBF)  in  simulated  altitude  studies.  In 
one  study,  the  short-term  regulation  of  SkBF  and  body 
temperature  during  moderate  exercise  was  not  changed 
by  breathing  a  hypoxic  gas  mixture  (23).  Wagner  et  al. 
(29)  have  suggested  reduced  blood  flow  from  core  to  skin 
at  446  Torr  but  did  not  discuss  possible  changes  in  the 
control  of  skin  blood  flow. 

A  rigorous  evaluation  of  the  control  of  thermoregula¬ 
tory  sweating  and  cutaneous  blood  flow  during  acute 
hypobaria  has  not  yet  been  undertaken.  The  cutaneous 
vascular  response  to  hypobaria  has  not  been  adequately 
characterized,  because  previous  studies  have  used  indi¬ 
rect  indexes  such  as  skin  temperature  measurements  to 
estimate  cutaneous  blood  flow  response  or  hypoxic 
breathing  to  simulate  the  hypoxia  of  altitude.  Further¬ 
more,  the  evaluation  of  weight  loss  data  from  before  and 
after  an  experiment  provides  very  limited  information 
regarding  the  control  of  regulatory  sweating  at  reduced 
Pb  because  of  the  interaction  of  several  thermal  inputs 
superimposed  at  the  same  time.  In  the  present  study,  we 
examined  the  transient  responses  of  sweating  (m.)  and 
SkBF  to  esophageal  temperature  (T„)  elevation  induced 
by  exercise  during  acute  altitude  exposure.  We  hypoth¬ 
esized  that  the  increased  effective  mass  transfer  that 
occurs  in  hypobaria  would  affect  thermoregulation.  Spe¬ 
cifically,  we  were  interested  in  determining  whether  there 
was  a  change  in  the  esophageal  temperature  threshold 
for  the  initiation  of  thermoregulatory  sweating  and/or 
cutaneous  vasodilation  and/or  the  sensitivity  of  the  ther¬ 
moregulatory  effectors  to  a  given  internal  thermal  drive 
at  a  constant  ambient  temperature. 

METHODS 

Eight  subjects  (4  men,  4  women)  participated  in  the 
experiments  after  giving  their  informed  consent.  The 
subjects  had  an  average  age  of  26  ±  4  (SD)  yr,  weight  of 
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71.1  ±  7.9  kg,  and  DuBois  surface  area  of  1.82  ±  0.13  m2. 
All  subjects  were  accustomed  to  exercise  and  measure¬ 
ment  routines.  Female  subjects  were  tested  during  the 
follicular  phase  (days  1-9)  of  the  menstrual  cycle  to 
control  for  thermoregulatory  differences  that  occur  be¬ 
tween  the  follicular  and  luteal  phases  as  established  by 
previous  studies  (26).  Subjects  exercised  in  a  seated 
position  behind  a  modified  cycle  ergometer.  We  deter¬ 
mined  peak  aerobic  power  (Vo2  peak)  for  each  subject  in 
this  position  (16).  Separate  maximal  exercise  tests  were 
made  at  770  Torr  (sea  level),  552  Torr  [moderate  altitude 
(AI),  2,596  m],  and  428  Torr  [high  altitude  (All),  4,575 
m]  in  a  hypobaric  chamber  (ambient  temperature  = 
24'C,  dew-point  temperature  =  10°C).  02  consumption 
by  standard  open-circuit  techniques  was  calculated  on¬ 
line  with  a  Hewlett-Packard  (HP)  computer  modified  for 
hypobaric  environments.  The  Vo2  puk  was  defined  as  the 
maximal  02  uptake  that  occurred  when  increases  in  work 
load  did  not  produce  a  subsequent  increase  in  Vo2.  The 
order  of  sea  level  and  altitude  Vo2  p»»k  tests  was  random¬ 
ized,  and  subjects  were  not  advised  of  the  specific  altitude 
sojourn  during  testing.  The  mean  sea  level  Vo2  ^  was 
2.92  ±  0.68  (SD)  1/min,  2.68  ±  0.56  1/min  at  552  Torr, 
and  2.36  ±  0.46  1/min  at  428  Torr,  which  are  normal 
decreases  for  the  reduced  Pb. 

Experimental  procedures.  Subjects  reported  to  the  hy- 
po baric  chamber  between  0800  and  1200  h  after  a  light 
breakfast.  Each  person  was  tested  at  the  same  time  of 
day  during  all  exposures  to  control  for  the  circadian 
variation  in  heat  loss  responses  (27).  They  were  dressed 
in  shorts,  socks,  shoes,  and  100%  cotton  surgical  scrub 
shirts.  Submaximal  exercise  was  performed  once  by  each 
subject  at  each  altitude.  The  environmental  temperature 
(T.)  was  30*C  and  the  ambient  dew  point  (Tdp)  was  held 
constant  at  10'C  (partial  pressure  of  water  vapor  —  1.2 
kPa)  during  all  experiments.  The  mean  work  load  was 
101  ±  30  (SD)  W  at  sea  level,  95  ±  21  W  at  AI,  and  84 
±  18  at  All,  which  averaged  60%  of  the  Vo2  pnk  for  each 
subject  at  each  altitude.  The  order  of  environmental 
conditions  was  randomized,  and  total  time  at  any  altitude 
during  an  experiment  was  <1.25  h. 

Subjects  rested  for  10  min  after  instrumentation  and 
achievement  of  thermal  equilibration  [defined  by 
changes  in  T„  and  mean  skin  temperature  (T^)  of  <± 
0.1*C  over  a  30-min  period].  A  bout  of  35  min  of  semi¬ 
supine  cycle  exercise  then  followed  at  the  prescribed 
altitude.  Continuous  measurements  of  T«,  Tu  from  eight 
sites  (20),  local  skin  temperature  (T.,,)  adjacent  to  the 
dew-point  sensors,  and  m.  from  the  upper  arm,  chest, 
and  thigh  (10)  from  ventilated  dew-point  sensors  were 
recorded  on  a  HP85  computer.  The  dew-point  sensors 
were  ventilated  with  ambient  air  from  the  chamber.  The 
airflow  to  the  sensors  was  calibrated  in  situ  at  each 
specific  altitude  and  corrected  for  density  and  viscosity. 
Sweating  rates  were  calculated  as  described  previously 
(10)  as 

m.  -  (A  P^,)(AF)/(ff.-A-T)'l,000  [mg  cm'2  min_I] 

where  A  P*,  is  the  water  vapor  pressure  gradient  between 
inlet  air  and  the  water  vapor  pressure  as  measured  by 
the  dew-point  sensor,  R.  is  the  gas  constant  for  water 
vapor  (0.0821  atm  •  m3  ■  g-1  •  mol-1  ■  K-1);  A  is  the  area  of 


the  sweat  capsule  enclosing  the  skin  site  (cm-2);  T  is  the 
absolute  temperature  (°K)  of  ambient  air  entering  the 
capsule;  and  AF  is  the  air  flowing  through  the  capsule 
(m3/min).  Local  sweating  rates  can  be  measured  with  an 
accuracy  of  0.05  mg -cm-2 -min-1  with  this  system.  Fore¬ 
arm  blood  flow  was  calculated  each  minute  by  venous 
occlusion  plethysmography,  which  is  based  on  changes 
in  limb  girth  (14,  31).  Metabolic  heat  production  was 
evaluated  at  rest  and  during  steady-state  exercise  (final 
15  min).  Total  body  sweating  rate  was  evaluated  from 
changes  in  body  (taking  into  account  clothing  weight) 
weight  corrected  for  convective  and  evaporative  heat  loss 
from  the  respiratory  tract  (5, 9). 

Statistical  analysis.  The  T„  thresholds  for  sweating 
and  SkBF  were  calculated  for  each  experiment  by  ana¬ 
lyzing  the  inflection  points  of  the  exercise  transient 
phase  for  each  specific  effector  response  to  T„.  The 
exercise  transient  phase  is  defined  as  the  time  of  exercise 
during  which  a  rapid  increase  in  T„,  sweating  rate  above 
that  owing  to  skin  diffusion  (insensible  water  loss),  and 
increased  SkBF  are  observed.  A  regression  equation  was 
calculated  for  each  subject  during  the  exercise  transient 
for  m,/TM  and  SkBF/T«.  The  data  collected  after  T„ 
reached  a  steady  level  were  not  included  in  the  calcula¬ 
tion  of  either  linear  regression  equation.  The  T„  thresh¬ 
old  for  sweating  was  calculated  from  the  regression  equa¬ 
tion  at  m,  =  0.06  mg -cm-2 -min-1.  The  T„  threshold  for 
arm  vasodilation  is  defined  as  the  point  where  the  regres¬ 
sion  equation  intersects  the  resting  SkBF. 

Analysis  of  variance  was  performed  on  all  data  by 
using  the  individual  slopes  and  thresholds  of  both  m  J 
Tm  and  SkBF/T„.  All  steady-state  data  were  also  ana¬ 
lyzed  by  repeated  analysis  of  variance.  Post  hoc  tests 
(Tukey)  were  performed  whenever  a  significant  F  ratio 
occurred  (P  <  0.05).  Data  in  results  are  presented  as 
means  ±  SD. 

RESULTS 

A  typical  experimental  time  course  demonstrating  the 
transient  periods  for  T„  and  chest  m.  is  shown  in  Fig.  1, 
A-C,  for  a  single  subject.  The  transient  increase  in  T„ 
and  chest  m,  is  apparent  shortly  after  the  initiation  of 
exercise.  No  gender  differences  were  found  in  either  the 
sensitivity  (slope)  or  the  threshold  of  either  m«/TM  or 
SkBF/T„  for  any  measured  skin  site  at  any  altitude; 
therefore  all  data  presented  will  be  the  mean  of  all  eight 
subjects. 

Table  1  shows  the  TM  thresholds  and  slopes  for  m,. 
The  Tm  threshold  for  sweating  was  not  affected  by  alti¬ 
tude.  The  onset  of  arm  sweating  always  occurred  at  a 
higher  core  temperature  than  that  of  either  chest  or 
thigh.  Figure  2  is  a  composite  profile  of  mJTm  for  each 
hypobaric  environment  in  a  representative  subject  during 
the  exercise  transient.  The  slopes  (sensitivity  to  core 
temperature  drive)  of  m,  show  a  clear  decrease  at  in¬ 
creased  altitude.  For  the  whole  group,  sensitivity  of  chest 
sweating  was  depressed  an  average  of  26%  (P  <  0.05)  at 
moderate  altitude  and  38%  (P  <  0.05)  at  high  altitude. 
Arm  and  thigh  sensitivities  (m.)  were  reduced  an  average 
of  44  and  17%  (P<  0.05),  respectively,  for  both  moderate 
and  high  altitude.  No  effect  of  altitude  on  whole-body 
sweating,  as  measured  by  weight  loss  pre-  and  postex- 
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TABLE  1.  Esophageal  temperature  thresholds  for 
sweating  and  slopes  of  linear  regression  equation 
generated  from  transient  response  of  m,/T„ 


Saa  Laval 

AI 

An 

Cheat 

T.*C 

36.62±0.21 

36.73*0.29 

36.66*0.21 

dk/Ta 

0.87 ±0.28 

0.64*0.21* 

0.54  ±0.19* 

Arm 

T«.*C 

36.74±0.22 

36.83 ±0.24 

38.83*0.23 

rfv/T. 

1.06±0.48 

0.60*0.22* 

0.59*0.24* 

Thigh 

T. -C 

36.46±0.24 

36.64*0.27 

36.68*0.10 

0.98±0.66 

0.81*0.20* 

0.81*0.41* 

Valuw  m  am*  *  8D.  AL  moderate  altitude;  All,  high  altitude; 
rit,  awaot  rate;  Ta  aonphagool  temperature  aaaaurad  in  *C.  *  Different 
from  aea-leeel  value,  P  <  0.06. 


*«  *T.O  irg 


TM  CC) 

no.  2.  Cheat  tweeting  plotted  against  eoophageel  temperature  (T„) 
during  traaaient  period  of  thaea  van  ah  lea  during  00%  peek  aerobic 
power  (Vo,  eaerciee  at  30*C  at  3  ahitudea  for  a  repreeentative 
aubjtct  To.  local  akin  temperature  of  cheat  adjacent  to  deer-point 
aeneor  At  aea  level  r  -  0.98,  m  -  1.27,  b  -  -46.33;  at  662  Ton  r  - 
0.96,  m  -  0.92, 6  -  -33.66;  at  428  Ton  r  -  0.96,  m  -  0.46,  b  -  -16.69. 


TABLE  2.  Mean  slopes  of  SkBF  and 
Tm  for  vasodilation  (T,  »  30*C) 


fl 

8*o  Laval 

AI 

All 

Slope,  Ml  - 100  ml'1  - 

ain'1  6 

6.6±2.3 

8.1X2.7 

6.8±4.4* 

T.*C 

5 

38.6*0.07 

38.8*0.2 

38.3*0.2* 

Vahaaa  ate  meant  ±  SD;  n  -  6  aubjecta.  SkBP,  akin  Mood  flow;  T« 
eeephagaal  taeaperaturr,  T„  ambient  temperature;  AI,  Moderate  alti¬ 
tude;  AIL  high  altitude.  *  Different  from  aea-leeel  value,  P  <  0.06. 


ftntiatical  presentation  of  the  data.  Tha  mean  of  five 
subjects  is  presented  in  Table  2  as  the  slope  and  T„ 
onset  at  each  of  the  three  Pb’s.  There  waa  a  significant 
depression  (11%)  in  the  slope  and  a  decrease  in  the  T„ 
(H0.3*C)  at  the  onaet  of  arm  vaaodUatkm  in  the  higher 
altitude  (All)  experiments. 

Mean  skin  temperature  (Tables  3  and  4)  was  not 
significantly  dUHerent  daring  the  exercise  transient  pe¬ 
riod  at  the  three  altitudes  but  was  lower  during  steady- 
state  exercise  at  both  AI  and  All.  T^  for  tha  three  skin 
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TABLE  3.  Local  skin  temperature  and  averaged 
across  exercise  transients,  and  change  in  Tam  and  T* 
from  regression  analysis  during  transient  period 

Temperature 

Saa  Laval 

AI 

All 

Cheat,  *C 

Ann,  *C 

Thigh,  *C 

Men  skin,  *C 
dT„/dt,  "C/min 

dT*/dt,  ‘C/mia 

34.90*1.79 
34.72*0.70 
34 .53 ±0.60 
34.65*0.56 
-0.026*0.04 
-0.022*0.03 

34.86*1.03 

33.83*0.77 

33.78*0.95 

33.96*0.67 

0.026*0.09 

-0.036*0.04 

36.03*0.30 
34.37*0.61 
33.79*0.37 
34.08*0.21 
-0.080*0.09* 
-0.065 ±0.06t 

Value*  are  mean*  ±  SD.  AL  moderate  altitude;  AH,  high  altitude; 
dTm/dt,  change  in  local  arm  temperature  over  time;  dT*/d t,  change 
in  mean  akin  temperature  over  time.  'P«  0.06;  t  P  m  0.11. 


TABLE  4.  Mean  steady-state  data 


Saa  Laval 

AI 

An 

T«*C 

37.46*0.23 

37.43*0.27 

37.14±0.30*t 

AT.’C 

0.69*0.22 

0.66*0.15 

0.61*0.18 

T*.  *C 

34.27*0.68 

33.64*0.43 

33.13±0.76* 

m,„,  mg -cm'*- min'1 

1.29*0.40 

0.92  ±0.34 

0.75*0.18* 

SkBF,  ml  - 100  ml'1  -  min'1 

8.63*3.37 

7.27±3.66 

5.99*2.70 

T _ *C 

Weight  loaa,  g/min'1 

33.74*0.81 

33.95±0.77 

32.96  ±0.81t 

10.14*2.47 

11.06±3.03 

9.39±1.91 

Metabolism,  W/m* 

307*61 

309±59 

263±38*t 

Vahiee  are  meant  *  SD.  AI,  moderate  altitude;  AIL  high  altitude; 
Tm  eeophageal  temperature;  ATm  change  in  eaophageal  temperature 
from  rest  to  ataody-cUte  eaerciee;  ih.„,  awe  at  rate  of  arm;  SWF,  akin 
blood  flow,  T.,  temperature  of  arm.  *  Different  from  aea-level  value*, 
P  <  0.06.  t  Different  from  AI  value*.  P  <  0.06. 

locations  near  the  dew-point  sensora  is  also  shown  in 
Table  3.  The  mean  steady-state  thermoregulatory  pa¬ 
rameters  an  shown  in  Table  4  for  the  eight  subjects  of 
the  study.  Tm  T*,  arm  sweating  (T^i),  and  metabolic 
beat  production  wen  all  significantly  lower  at  All  com¬ 
pand  with  the  responses  evident  at  sea  level.  Then  wen 
no  significant  differences  in  the  steady-state  SkBF  at 
any  given  altitude. 

DI8CU88ION 

In  this  study  we  controlled  the  work  intensity  at  each 
altitude  so  that  there  was  a  consistent  thermoregulatory 
perturbation  (25),  thereby  allowing  a  more  direct  com¬ 
parison  of  the  effects  of  hypobaric  environments  on 
thermoregulatory  sweating  and  SkBF.  Characteristi¬ 
cally,  sweating  and  peripheral  blood  flow  have  been 
shown  to  respond  in  a  proportional  manner  to  changes 
in  the  thermal  controller  (12, 18, 19,  23-25).  Therefore, 
we  used  a  relative  exercise  intensity  (60%  altitude  spe¬ 
cific  VojpMk)  as  an  endogenous  thermal  clamp  to  limit 
the  change  in  T„  input  to  the  thermal  controller  (19, 
25).  The  change  in  body  temperature  was  similar  at  all 
altitudes  even  though  resting  core  temperature  was  lower 
at  All  in  all  subjects  (Table  4).  This  change  resulted  in 
T„  increases  from  rest  to  steady-state  exercise  of  0.5, 
0.6,  and  0.6*C  at  sea  level,  moderate,  and  high  altitude, 
respectively.  By  matching  the  internal  thermal  drive  at 
each  Pb,  a  suppression  in  the  sensitivity  of  the  relation¬ 
ship  of  local  sweating  or  cutaneous  vasodilation  to  core 
temperature  was  observed  at  both  moderate  and  high 
altitude. 

The  decreases  in  the  slope  of  m,/TM  and  SkBF/Tw 
during  acute  exposure  to  moderate  and  high  altitude 
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appear  to  be  a  result  of  local  alterations  of  the  sweat 
gland  and/or  peripheral  vasculature  (12, 18).  These  mod¬ 
ifications  may  be  caused  by  local  skin  influences,  because 
the  temperatures  were  lower  at  All  but  not  AI  during 
steady-state  exercise.  The  local  skin  temperature  influ¬ 
ences  on  the  peripheral  sweating  mechanism  are  well 
documented  and  have  been  discussed  in  greater  detail  (1, 
2,  4,  18).  The  drop  in  arm  T*  with  exercise  (dTioe/dt) 
was  more  rapid  at  high  altitude  (Table  3)  over  the  tran¬ 
sient  period  of  5-7  min  and  may  be  one  source  of  the 
depressed  thermal  sensitivity.  Other  physical  influences, 
such  as  changes  in  the  liquid-vapor  interfaces  within  the 
skin  itself  and/or  biochemical  changes  at  the  level  of  the 
sweat  gland  may  also  be  a  source  of  the  depressed  thermal 
sensitivity  and  warrant  further  study. 

The  continuous  measurement  of  local  sweating  allowed 
an  evaluation  of  thermoregulatory  control  of  sweating 
that  was  not  possible  by  evaluating  body  weight  changes 
merely  from  pie-  and  postexposure.  The  higher  skin 
diffusion  at  reduced  Pb  decreased  the  requirement  for 
regulatory  sweating,  as  evidenced  by  our  lower  resting 
core  temperatures  at  AIL  Pre-  and  postexposure  weight 
changes  cannot  give  any  indication  about  changes  in  the 
control  of  regulatory  sweating  at  altitude  as  the  heat 
content  of  the  body  is  increasing. 

Greenleaf  and  colleagues  (11)  showed  an  increase  in 
whole-body  evaporative  heat  loss  at  altitude  in  subjects 
exercising  at  the  same  work  load  as  sea  level.  This 
increase  was  singularly  related  to  an  increase  in  the 
respiratory  water  loss.  Water  loss  through  sweating  was 
unchanged  at  both  596  and  462  Torr  even  though  subjects 
worked  harder  at  altitude  (66%  Vo? — )  than  at  sea  level 
(45%  Vo?—.).  These  authors  (11)  were  not  able  to  doc¬ 
ument  depressed  sweating  sensitivity  at  altitude  as  they 
did  not  evaluate  the  exercise  transient. 

The  effect  of  the  relative  hypoxia  at  the  sweat  gland 
itself  during  AI  and  All  was  also  considered.  Elizondo 
(4)  suggested  that  a  lowered  02  tension  after  arterial 
occlusion  possibly  affects  synthesis  of  transmitter  sub¬ 
stance  (i.e.,  acetylcholine),  thereby  reducing  synaptic 
transmission.  When  physostigmine,  an  anticholinester¬ 
ase,  was  administered  in  combination  with  arterial  occlu¬ 
sion  no  change  in  sweating  occurred  (4)  confirming  that 
reduced  transmission  was  due  to  lack  of  neurotransmitter 
substance.  At  an  altitude  of  428  Torr,  arterial  02  satu¬ 
ration  is  depressed  but  not  to  the  low  levels  induced  by 
arterial  occlusion.  If  local  sweat  gland  activity  were  de¬ 
pressed  solely  by  a  hypoxic  influence,  the  gain  of  m/T„ 
would  be  reduced  as  was  apparent  in  our  study;  however, 
core  temperature  would  reach  a  higher  steady-state  level 
due  to  compromised  evaporative  heat  loss.  Although  the 
slope  of  m^T„  was  reduced  at  altitude  (Fig.  2),  there  was 
no  difference  in  the  change  in  T„  at  steady  state  in  the 
present  study  (Table  4).  Thus  the  results  of  our  study  do 
not  support  a  local  hypoxic  inhibition  of  sweating. 

In  the  present  study,  no  change  in  the  core  temperature 
threshold  for  sweating  (Table  1)  was  observed  with  acute 
altitude  exposure.  Thus  our  results  fail  to  demonstrate  a 
central  alteration  (12)  in  the  control  of  sweating  during 
exercise  in  the  presence  of  acute  hypobaric  hypoxia  as 
has  been  shown  after  chronic  altitude  exposure  (22). 
Because  the  increase  in  body  temperature  during  exercise 


was  similar  at  all  altitudes,  one  might  suggest  that  the 
central  thermal  controller  did,  in  fact,  sum  the  signals 
from  core  to  skin  drives  equally  at  all  altitudes  (Pb).  The 
disparate  results  between  our  study  and  that  seen  with 
one  chronic  altitude  study  could  relate  to  those  subjects 
in  the  chronic  exposure  possibly  being  dehydrated  (13). 
This  could  account  for  the  upward  threshold  displace¬ 
ment  or  delay  in  heat  dissipation  mechanisms  (28). 

The  depressed  sensitivity  (gain)  in  m«/TM  from  sweat¬ 
ing  measurements  in  the  chest  compared  with  the  slope 
changes  evident  from  extremity  locations  evaluated  in 
our  study  conflicts  with  other  observations  (18)  in  which 
a  higher  gain  and  a  lower  onset  T„  temperature  occurred 
in  the  chest  mJTm  relationship  compared  with  more 
peripheral  sites.  However,  subjects  in  the  present  study 
wore  surgical  scrub  shirts  and  were  seated  in  a  chair 
behind  the  ergometer,  thereby  creating  a  different  local 
environment  at  the  chest,  which  may  have  influenced 
the  local  evaporative  heat  transfer  at  each  site  (5, 8).  We 
also  measured  dew-point  changes  directly  at  the  skin. 
The  microenvironment  at  the  chest  (under  a  layer  of 
cloth)  had  a  higher  water  vapor  pressure  than  at  the 
thigh,  which  was  manifested  in  the  different  local  skin 
wettedness  and  heat  transfer  coefficients  at  the  two  sites. 
Local  chest  wettedness  (0.72  at  All),  measured  with  an 
unventilated  dew-point  sensor,  was  ~40%  higher  than 
thigh  (0.60)  and  arm  (0.52)  skin  wettedness  as  deter¬ 
mined  by  independent  measurements  of  skin  saturation 
pressure  to  ambient  water  pressure  differences  (6).  Thigh 
and  arm  mass  transfer  coefficients  were  higher  than 
those  of  the  chest  (7)  enabling  more  effective  evaporation 
and  lowered  skin  wettedness.  Yet,  all  three  sites  used  for 
local  sweating  measurements  exhibited  the  depression  in 
sensitivity  with  reduced  Pb  (Table  1);  thus  even  with  the 
confounding  effect  of  the  clothing  worn,  all  sites  showed 
the  effect  of  the  hypobaria. 

We  observed  a  great  variability  among  our  subjects  in 
the  measurement  of  forearm  cutaneous  blood  flow  in 
these  experiments  at  all  altitudes.  The  low  slopes  seen 
are  related  to  the  low  mean  skin  and  local  skin  (forearm) 
temperatures  (17).  Three  of  our  subjects  did  not  vasodi¬ 
late  until  late  in  the  exercise  transient  at  high  altitude 
when  T„  rose  accordingly,  and  this  was  due  to  a  high 
level  of  vasoconstrictor  tone  resulting  from  the  low  skin 
temperature.  However,  these  results  also  support  our 
contention  that  the  sensitivity  of  cutaneous  vasodilation 
is  suppressed  at  high  altitude  as  our  subjects’  core  tem¬ 
perature  increased  without  a  clearly  measurable  concom¬ 
itant  change  in  cutaneous  blood  flow. 

Table  2  also  shows  a  lower  T„  for  vasodilatory  onset 
at  high  altitude.  This  response  is  in  contrast  to  our  local 
sweating  data  and  lends  credence  to  a  possible  central 
nervous  system  alteration  in  the  control  of  cutaneous 
blood  flow  in  concert  with  local  peripheral  changes. 
Rowell  and  colleagues  (23),  in  a  hypoxic  breathing  study, 
failed  to  show  any  alteration  in  cutaneous  blood  flow  to 
T„  compared  with  breathing  normal  room  air.  However, 
the  different  heat  transfer  characteristics  of  a  total  am¬ 
bient  hypobaric  challenge  input  differently  on  the  pe¬ 
ripheral  thermal  receptors  than  when  breathing  hypoxic 
gas  mixtures  at  sea  level.  Wenger  et  al.  (30)  have  recently 
reported  that  a  l'C  change  in  skin  temperature  (such  as 
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we  report  at  steady  state)  is  sufficient  to  reduce  the  slope 
of  the  blood  flow-to-T..  relationship  by  12-13%,  a  re¬ 
sponse  very  comparable  with  our  data.  In  addition,  the 
higher  circulating  catecholamines  seen  at  altitude  at  the 
same  relative  percent  Vo?  ^  (15)  could  contribute  to 
the  observed  reduction  in  forearm  blood  flow. 

In  summary,  the  effects  of  hypobaric  hypoxia  on  heat 
exchange  were  evaluated  without  confounding  inputs 
from  disparate  levels  of  core  temperature  change  between 
altitudes.  A  depression  in  the  thermal  sensitivity  of  both 
local  sweating  and  forearm  cutaneous  blood  flow  was 
observed  at  both  moderate  and  high  altitude.  There  were 
no  changes  in  the  sweating  threshold  with  acute  moder¬ 
ate  and  high  altitude;  however,  the  vasodilatory  thresh¬ 
old  was  lowered  at  reduced  Pb. 
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